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ABS THaT

ATMOSPHERIC CARBON DIOXIDE AND CLIMATE

- Mikhail Ivanéyigh_Budyko

The influence of changes in carbon dioxide concentration /2%
och the'thermal_keglmefof the ‘atmosphere is considered, taking into
account the 1nterrelatlonsh1p between air temperature and the
configuration of the polar ice. It is made clear that relatively
small fluctuations in the amount of carbon dioxide can substantially
change climatic conditions on our planet. The dependence found
between the carbon dioxide content of the atmosphere and thermal
conditions is used in discussing the laws governing climatic chan-~
ges,

Y
The study is of interest to meteorologlsts,geographers and

geologists.

1. CARBON DIOXIDE IN THE ATMOSPHERE - ' ' /3

Carbon dioxide gas, often called ‘carbon dioxide in meteoro-
logy, is one of the relatively minor components of atmospheric
alr in gquantity. In the current epoch the atmosphere contains
about 2.3fj 1012‘Umetricfﬂtons of carbon dioxide, which comprises
0.032% of all atmospherié air.{perceht‘by volume) .

A significantly larger amount of carbon dioxide is contained
in the hydrosphkre, where (mainly in ocean waters) about 1301012
tons of carbon dioxide are dissolved. Between the atmosphere
and the hydrosphere a constant exchange of carbon dioxide is car-

ried on by means of molecular and turbulent diffusion.

*Numbers in the margin indicate pagination in the foreign text.



Measurements of carbon dioxide concentration in the atmos-

yphere show that it varies little ip the different gecgraphical
regions and}liﬁéWiSékwith“heightAwithin the trophosphere. The
relatively éonstant Eontent of carbon dioxidé éas'in'the'atmﬂs--
phere ln comparision with water vapor.is explained by the lesser
varlablllty in 1ntensxty of the sources and sinks for carbon
dioxide gas at the surface of the earth and by the absence of a
significant dependence of the content of carbon diocxide on
temperature., From the data of observationsV¥§3follows that the
concentration of carbon dioxide gas increases-SOméwhét~in the egqua-
torial zone and decreases inféizg?iaboﬁt 0.005% in the high
latitudes' This change is expléined by the higher solubility
in the cold dcean waters.of the hlgh ‘latitudes 1n comparlson wrth

-.-the_warm wagers‘ofAthgntrqp;cs,r As a result of thls,_at hlgh

. latitudes the atmosphere loses a portion of the carbon dioxide
which is dissolved in the oceans, ﬁhere the excess of carbon 4di-
oxide gas is transported by deep cold currents to the low lati-
tudes, after which it is returned to the atmosphere. The magni-
tude of the flux of carbon dioxide resulting from this mechanism
between the equator and the north pole amounts to about 2;1010
tons/year (Bolin and Keeling, 1963}.

Along with the exchange of carbon dioxide between the at-
mosphere'and the ocean there is a constant exchange of carbon
dioxide gas between the atmosphere and the hydrospherejhn the one
hand ,and living organisms and the lithosphere on the dfher.

This cycle possesses exceptional significance for the mainten-
ance of life on our planet.

The main components of the carbon dioxide cycle are deter- /4
mined by biological processes. Carbon dioxide gas is absorbed
by autotrophic plants during photosynthesis, which directly or

indirectly supplies the overwhelming majority of living organisms



with energy. In the course of the vital activity of these orga-
tnisms (in particular, in the process of breathing) carbon dioxide

~is returned to the atmosphere and the hydrosphere.

A definite quantity of carbon dioxide enters into the atmos-
phere from the depth of the earth's crust, from which it emanates
during volcanic eruptions, from mineral sources, and so forth.
Carbon dioxide is consumed in the process of weathéring of sili-

cacedus rocks and in the formation of various carbon compounds.

Thuss in the balance of atmospherlc carbon dioxide there are
two cycles, biological and geological, in each of which dell—f
‘very and consumption Of carbon dioxide gas takes place. / Available
data shows that the biological components of the annual cyclerof
carbon dioxide significantly exceed the geoloéical.

The consumption of carbon dioxide gas in photosynthesiS‘
for a year amounts to approximately 101¥ tons ) Just as much ‘carbon
dioxide is formed in the process of breatnlng and as a result of
the decomposition of living organisms. From the depth of the
earth's crust comes a significantly smaller quantity of carbon
dioxide =~ approximately 108 tons. The same quantity of carbon
dioxide in order of magnitude is consumed in various geological
processes (Plass, 1956; Mueller, 1960; Lieth, 1963 et al.).

Living organisms,: products of 'their vitalactivity and of the 1i-)
thosphere contain great guantities of carbon, obtained from the
atmosphere and from the hydrosphere in the form of carbon dioxide
gas. The amount of. carbon in living organisms apparently corres-
ponds roughly to 1012 tons of carbon dioxide gas (estimates of
this value by various authors notably differ - see Takahashi, 1967'
Man's Impact on the Global Env1ronment, 1970, etc.).

The quantity of carbon in the lithosphere corresponds roughly



£ . . . . , .
to 291017 tons of carbon dioxide, the principal part of which is
?bouné[in carbonate rocks (Vinogradov, 1972).

Although the estimates of the components of the cérbon
dioxide balénde‘and of the reserves of carbon in various natural
ﬁedia presented here have a vefy approximate character, it is '
possible to make several deductions from them about the rates of

the carbon dioxide cycle.

Thus, in particular, living‘organisms have a comparatively

small "carbon dioxide capacity?f;)the carbon in them 1is renewed
in a comparatively short time, amounting on the average to around
10 years. The avefage time of renewal of carbon in the atmos-
phere amounts to roughiy 20 years. ‘The period during which the
buildup of carbon in the lithosphere took place is very great

and comparable to the duration of the existence of the biosphere.

There is a basis for supposing that in the geological past
the concentration of barbon dioxide in the atmosphere significantly
differed from its modern wvalue. It follows from this that the
total of all forms of delivery of carbon dioxide gas to the at- /5
mosphere and its consumption was on mahy occasions not equal to

Zero.

One can concludé, however, that the departure of this totai
from zero year by year comprised a véry small part of the absolute
magnitude of the main members of the balance of atmospheric
carbon ‘dioxide gas. Thug?for examplqéﬁf we assume thagggor the
last million years the concentration of carbon dioxide in the

atmosphere diminished by a factor of'tWo,.this will correspond
ﬂ“‘f T et

to a change in its value per year by a 'quantityequivalent to |

_____ S W

770.002% in all of the annual magnitade of photosyREhesis. )




According to the ideas of A. P. Vinogradov (1967 et al),
y atmospheric carbon dioxide, éIoﬁgwith several other gases of the

atmosphere” aroseln.the courée of zonal meltlng of the mantle

elements. In Proterozoic tlme the atmosphere was‘anaeroblc

and contained a large quantity of carbon dioxide gas. . With the
end of the Proterozoic the composition of the atmosphere began

to change under. the influence of photosynthesis. Then the guanti-
ty of oxygen was gradually increasing, and the atmosphere was
acquiring an oxidative character. The increase in oxygen content
was accompanied bdediﬁiﬁiehiﬁgqﬂfthe carbon dioxide ¢oncentra-
tion.

In the works of A. B. Ronov (1959 1964, 1972). there afe consi-
dered the mechanisms of change in quantity of carbon dioxide
gas in the atmosphere in the geological past. As was established
in these investigations, in the Paleozoic and the Mesozoic the
concentration of carbon dioxide gradually diminished, mainly
as a result of the gonsumption of carbon dioxide gas in the for-
mation of carbonaceols wrocks. In the epoch of heightened vol-
canic activity the éﬁéntity of carbon dioxide in the atmosphere

increased slightly.

Estimates of the concentrations of‘atmospheric carbon dioxide
in the various geologlcal perlods have a very approximate charac- |
ter. In particular; therels a proposal that the concentration
of carbon dioxide: gas in the Permian perlod {around 200 million
years ago) totalled 7. 5% (Hoffman, 1951). Proceeding from this
estimate, it is possible to conclude that in the Mesozoic and
Cenozoic the average rate of decrease:iﬁ7concentration of carbon

dioxide amounted to about 0.04% for a millien years.

In the modern epoch the process of" reductlon ln the,-

concentration of atmospheric carbon dioxide was replaced by a



process of its rapid increase. The hypothethis that.iﬁsa'result‘of
*the burning of large quantities of coal, oil, and other forms

of fuel:fﬂﬁfquantlty of carbon dlox1de gas in the atmosphere

began to 1ncreaserwasstated already in the first half of the

20th century (Callender, 1938). But only in the fifties, in
connection with the organization of the International Geophysical.
Year, were systematic observations cof atmospheric carbon dioxide
started at a series of stations which permitted the quantitative

estimation of the increase of carbon dioxide concentration.

These observations showed thatkd%hhquith a marked annual /6
variation 5JRthe concentrations of carﬁon dioxide at the earth's
surface (decéease of concentration in summer in connection with
the intensification of photosynthe51sh there: swas a distinct ten-
dency toward increase of concentration from year to year.

According to the results of observations at Mauna Loa (Hawaiian
Islands) for the period from 1958 to 1968, theyearly increase

of concentration of carbon dioxide amounted to 0.64f10—4%. This
amount corresponds to ‘half of the quantlty of carbon dieoxide
annually entering : hev.atmosphere v as a result of the burning
of various forms:of fuel (Inadvertent Cllmate Mod1f1cat10n,§1971)

The results of observations at Mauna Loa are in agreement
with the data of analogous observations in-Alaska, Switzerland,
and Antarc¢tica. Taking into account that these observations
were carried out in regions of the terrestrial orb V\F‘"idf_EI.if'‘.."”5
separated@froﬁl;eacH“dﬁhepgit cannot be doubted that they” correctly
reflect a present;day tendency of change in concentration of
atmospheric carbon dioxide.

From the data of the indicated observations it follows that
there is retained in the atmosphere approximately half of the car-
bon dioxide gas formed as a result of the activity of man. The



'ysecénd;“half of this guantity is apparently absorbed by the

vocean and the biosphere.

The question of the mechanism of absorption of the additional -
carbon dioxide by reservoirs and living organisms in guantitative
plan is insufficiently studied. Although the oceanslpotehtially
have a large capacity and can absorb an immense quantity of
carbon dioxide gas, the actual rate of absorption of carbon dioxide
by mariﬁé;waters is signficantly reduced because of the slow

exchange between the surface and deep layers of the oceans.

With an increase in;carbon dioxide concentration the rate of
photosynthesis increases; howeve;itﬁg.additional quantity of
organic matter created because of this is mineralized in a limited

time, releasing the carbon dioxide gas expended in its formation.

The construction of a completely quantitative thecry which
permits taking into account the effects of buffering processes

in the ocean and the fbiosphere is a task for the future.

At present for this end one canlmake use of empirical models,
an example of which is the simple numerical model being proposed
by L. Machta, Ya. Makhta, and D. Olébn.(Man'sffmpact on the :Global
Environment, 1970). From computations with this ‘model it foi—
lows that by the year 2000 1ﬂuaconcentratlon of carbon dioxide
gas will increase from 0. 032 to 0.038 %, 1. eA,almostby 20%

compared with its current value. H

Using this model it is possible also to find that, a hundred
years ago, before the beginning of an epoch of rapid iﬁdustrial
development, the concentration of carbon dioxide in the atmosphere
was approximately 0.029%, i.e., lower than the current magnitude
by 10% (InadvertenfCiimgté}Modification, 1971).



Let us dwell on theproblem_concernlna“the influence_that.. theee
; concentration of atmospheric carbon dioxide exerts on living

nature. ‘ /7

The vegetative cover of the land fundamentally consists of
autotrophic plants§fthét:;bmanufacture organic matter out of
atmospheric carbonmai021de gas and take from the soil water and
mineral substances. ’Along with atmospheric carbon d10x1de 7 plants«
can utilize also SOJld carbon dioxide, but its guantity 1s usually
1n31gn1flcantqlg}comparlson with the carbon dioxide received from
atmospheric air; Autotrophic plents in the hydrosphere utilize

carbon dioxide dissolved in the water in photosynthesis.

It has already been long establlshed"thauw1th a more or less
adequate supply of radiation and with other conditions favorable |
for photosynthesis, its rate is significantly limited by low
content of carbon dioxide gas in the atmosphere and in bodies of

water.

- Numerous experiments indicate that increases in the concen-
tration of carbon dioxide, other conditions being equal, make

possible a significant rise in the rate of photosynthesis.

For the majority of plahts, the rate of photosynthesis
rises with an increase of the concentration of carbon dioxide
up to several tens of percent}' Then this increase in the rate
of photosynthesis comes to a stop, and? W1thconcentratlons a few

percent hlgherjPhOtOSYDthESlS beglns to decllne..

A considerable increase ‘in photosynthesis with elevated
carbon dioxide concentrations is often interpreted as evidence

of the adaptation'of'autotrophic plants in the course of their

evolutlonardeevelopment tomthe much hlgher concentratlohs of carbon

Lo

dlox1de that were presegt in the past __Since the_flndlngs of ]
— T For gy ) .




geochemlcal ‘ investigations are interpreted as a gradual dlmlnlshlng
in the course of the last hundred million years:mfthe guantity of
carbon dioxide in the atmosphere, such a hypothesis can be consi-

dered plau51ble.

In this connection there arises the question:. couldﬂtheconcentraﬁ
tion of carbon dioxide in the atmosphere during the epoch of
existence of autotrophlc plants have exceeded the value at which
the rate of photosynthe51s begins to diminish? It 1s qulte ’p A
dlfflcult to answer this questlon, 51nce the dependence of photosvn:
the31s cn the quantlty of carbon d10x1de for plants of the dlstant
past does not necessarily c01n01de with the analogous dependence
for present-day plants.

Letlngggée-that a change . tnccncentration of carbon dioxide
in the atmosphere ‘exerts an 1nfluence on the combined mass of
living organlsms existing on our planet. A considerable portion
of this biomass consists of the substance of" autgctrophlc plants,
whose guantity is governed\by the amgunt ofntheln photosynthesls.
The follow1ng simple law rests on the basis of déhls regulation.
fThe consumptlon of the organlc substance of autotrophlc plants 1n'
resplratlon, the dying out of separate organs of the plant,
etc. can be taken to be proportional to the mass of the plant.
Taking into account that the total magnitude of photosynthesis

is equal to the consumptlon of organic substance, the rate of photo—

synthe51s;be1nq 1n a flrst apprcx1matlon,proportlonal to the con- -
centration of carbon dioxide, we find that the mass of plants is

proportional to the concentration of carbon dioxide gas.

One may think that,in some cases,the dependence of the mass
of plants on the concentration of carbon dioxide is weaker, /8

because with an increase of plant cover the rate of photosynthesis

1

: ek
can grow. But."L %\4cont1nuous vegetative . cover at the time of

‘its optimum structure:y}élaiﬂéfthﬁcmaximum productivity; the
' - FERCE W S T



dependence of total photosynthesis on the dimensions of the

“photosynthesizing cover is slight.

‘In this way the mass of autotrophic plants depends essentially
on the carbon dioxide concentration, this dependence having in

a number of cases the character of direct proportionality.

Tt is obvious that this conclusion . applies basically to
conditions when the water regime,‘mineral nourishment, and other
factors are not"at a mlnlmum,ﬂﬁi;e,, they do notféssentially,f \
limit photosynthesis. One may. think, however, that even in the
presence of factors limiting photosynth951s4there 1s a definite
relation between plant mass and carbon dioxide concentratlon,
which appears especially noticeable at small concentration magni-

tudes.

From the conclusions presented it follows that in the geolo-
gical past, when the concentration of carbon dioxide gas in the air
was signfidantly larger than today, the mass of vegetatlve cover
on the land exceeded its figure. This chiefly concerns‘h“' o
vegetative zone of adequate moisture supply. The total magnitude
of the biomass of autotrophic plants in the oceans during the epoch
of high carbon dioxide content similarly could have been larger

than its present-day value.

-Thusﬂthe process of reduction of the carbon dioxide concentra-
tion in the atmosphere {andy;in the hydrosphere was evidently
accompanied by a gradual reduction in the mass of autotrophic
plants and,consequently,of all the massesmoﬁ(iiﬁiﬁéuéfgéniémé

on our planet.
From the mechanism established above it follows thatﬂfor

every plant.-of a spe01f1ed 51ze, there 1s some lower 11m1t oF oarbon
d10x1deconcentratlon whlch upon belng'reached nmkes theex1stnnce

10



‘in the given plant! impossible. . With a reduction ef carbon
*dioxide concentration, autotrophic microorganisms might exist
the longest of all, having a minimal relation of their mass to

“the dimensions of the photosynthesizing cover.

One can pose the guestion: How rapidly would this change
in the biosphere occur if the earlier existing tendency of di-
minishing carbon dioxide peréisted into the future? It was men-
tioned above that from the availéble data the average rate of
reduction in carbon dioxide concentration for the last 200
million years wasroughiy éqqgl?%o 0.04% per million years.
Since the present value of the concentration of atmospheric
_carbon dioxide comprises about 0.03% of the whole, it seems
‘possible to draw the conclusion that the extihqtianof_auto—_ B
trophic plants will happen in the course of a million years,
i.e., in a very short period(;h\comparisény with the-duration

of its existence.

Such a conclusion, however, would be inadequately founded.
In the first place, as shown below, £hé rate of reduction in.
carbon dioxide concentration during the Pleistocene was apparently
smaller than the values presented here. 1In the second place,
‘most recently as a result of man's activity,the:aegféaéé_in i
the concentration of carbon dioxide gas came to a halt and changed
to’an - increase. Thirdly, there aragrdﬁhaggbr‘reckoning that,
if the process of reduction of the gquantity of atmospheric car-
bon dioxide had continued longer, then long before the extinction
-of autotrophic plants due to the lack of carbon dioxide, an
abrupt change in. climatic conditions would occur, which would

make further existence of life on earth impossible.

The question of the effect on climate of a change in the

concentration of atmospheric carbon dioxide is considered in the

11



following sections of this study.
¥ '

2. ATMOSPHERIC CARBON DIOXIDE AND CLIMATIC CHANGE

Over a hundred years‘agd Tyndall showed thatfsince atmos-
pheric carbon dioxide along with water vapor absorbs long-wave
radiation in the atmosphere, changes in concentration of carbon
dioxide couldgleaQ)to fluctuations in &limate (Tyndall, 1861).
.Subsequently,the guestion of the effect of atmospheric carbon dio-
xide on climate attracted the attention of Arrhenius (1896, 1903)
and Chamberlin (1897, 1898, 1899), who proposed that changes
in the quantity of atmsophéric carbon dioxide could have been the
cause of the Qﬁéternary glaciations. In the works of Arrhenius
the absorption of radiative flﬁx in the atmosphere was investi-
gated, and a numerical model was proposed for the determination
of temperature at the earth's surface as a function of atmospheric
properties."Using this model Arrhenius found that an increase
of the guantity of carbon dioxide gas by 2.5 - 3 times raises
the temperature of the air by 8 - 9O and a reduction Of the
quantlty of carbon dioxide by 38 - 45% lowers the temperature by
4 - 5°

Bearing in mind the details of geological investigations,
Arrhenius noticed that the guantity of carbon dioxide in the
contemporary atmosphere comprised a small portion of the carbon
dioxide gasC)which infthe pasﬁ was absorbed from the atmosphere
and consumed in the formation of carbonaceous rocks. In this
connection Arrhenius concludeduthét the concentrafion of carbon
dioxide in the atmosphere could vary by broad limits. These
changes} in the opinion of Arrhenius, exerted a SLgnlflcant in-
fluence on the air temperature,_suff1c1ent for the emergence

and disappearance of gla01at10n.-

Chamberlin's research was devoted chiefly to the geological

12



side of this problem, considering the balance of atmospheric
. carbon dioxide, Chamberli?ﬁ noticed that the inflow of carbon
dioxide gas fromthe lithosphere changed significantly depending

upon the level of volcanic activity ahd other factors.

The consumption of carbon dioxide gas in geological processes
likewise strongly varied, in particulégfin correlation with the
magnitude of the rock surface exposed to the action of atmospheric

erosion. With the increase of this surface the consumption of /10

carbon dioxide determined by the process of weathering §rew.

Chamberlin supposed that glaciation arose as a result of
an intensive process of mountain building and raising of the
level of the continents, which led to an increase in the base
for erosion, growth of the rock surface being eroded, and a
reduction’;in the concentration of carbon dioxide- in the atmos-
phere. .To support this assumption Chamberlin carried out several
computations which, however, could not be considered as any kind

of complete numerical model of the process béing studied.

Subsequently the carbon dioxide hypothesis origin of
the Quaternary glaciations was subjected to doubt because it
was ascertained that in the radiation absorption band of carbon
‘dioxide gas corresponding to a wavelength of 13-17 micrometers,
notable absorptionlof‘radiation by water vapor occurred, which
reduced the influence of changes of carbon dioxide concentrations

on the thermal regime.

Taking into account the influence of this effect, Callender
(1938) obtained smaller magnitudes of change*@ﬁftemperéturé
at the earth's surface with fluctuations of carbon dioxide con-
centrations compared with Arrhenius's results. Aécording to
Callender's findings, doubling the guantity of carbon dioxide

gas raised the air temperature by 2°, the influence of the change

13
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in carbon dioxide concentration on temperature being reduced with

increaseléf concentration.

In Callender's works (1938 et al.) the proposition was
stated that the warming of the climate in the first half of the _
20th century was connected with the rise in concentration of

carbon dioxide in the atmosphere due to man's industrial activity.

Although Callender demonstrated the great signifiéance of
calculating the absorpticon of lonéLWaVe radiatien by water wvapor
for a correct estimate(éﬁ;the influence of a changeaiﬁ“carbon
dioxide concentration on temperature, nevertheless Plass (1956)
and Kaplan (1960) completéd calculations of the influence of car-
bon dioxide on the thermal regimé withoﬁf‘allowing for this effect.
Plass obtained sufficiently large chanéés of temperature at the
earth's surface (a rise in temperature of 3.6° by doubling the
carbon dioxide concentration, a decrease of 3.8° by halving the o
concentration) to allow him to return to the carbon dioxide hy-
pothesis for the origin of the Quaternary glaciations. For
substantiation of this hypothesis,Plass advanced the concept
of the self-oscillating character of changes of carbon dioxide
concentration in the atmosphere and ocean, which reduces to the

following.

After an initial small reduction in the quantity of carbon
dioxide in the atmosphere there occurs a reduction in the tempera-
ture at the earth’'s surfacen_fhaﬁ;,gives rise to an increase of
the mass of polar ice. The.vdlume of oceanic waters is diminished
as a result, which leads to an increase in the content of carbon
dioxide in the atmosphere apdA?Jpew'warming. After the onset
of warming thaws the ice,thgvolumelof the oceans grows, the
guantity of carbon dioxide in the afmosphere diminishes, and a
new period of cooling begins.

14



In Kaplan's work it was observed that the influence of . /11

S the cloud cover markedly : reduces the change of temperature at the

earth’'s surface determined by fluctuations of carbon dioxide

"concentration, compared with the estimate obtained by Plass.

The necessity of allowing in computation of the influence
of carbon dioxide on the thermal regime of the atmosphere for
' the absorption of long wave radiation by water vapor was emphasized
in the investigations: of K. Ya. Kondrat'ev and Kh. Yu. Niylisk
(1960} and in the work: of Moller (1963). Taking this effect into
account, K. Ya. Kondrat'ev and—Rh Yu. Niylisk obtained much
smaller changes of temperature at the earth's surface compared with

the results of Plass and Kaplan.

TMoller gconsidered*that#with changes of air temperature,
the absolute humidity of the air usually changes, whereas the
relative humidity remains more or less constant. An increase in
the absolute humidity of the air with a rise in temperature
strengthens the absorption of long\wave radiation inh the at-
mosphere, which further raises the temperature.U:'Mollerfound that
the increase of temperature at the earth'’ s surface determined by
doubling the concentratlon of carbon dioxide at constant absolute
. humidity am&ﬁﬁ%ééuéé 1. 5‘, whereas at constantmrelatlve humldlty,
this value increase by several times. Besides this * Moller no—"‘
ticed that the influence of carbon dioxide on the thermal regime
can be offset by comparatively slight changes of the absolute

humidity of the air or of cloudiness.

A detailed investigation of the dependence of air temperature
on carbon dioxide concentratlon in the atmospherewwas completed
by Manabe and Wetherald (1967). 1In this work | there wasnotedthem
1naccuracy of the computations of Moeller, who estimated changes

of the thermal.reglme of the atmosphere only by data on: the

thermal balance of the earth's surface, not considering the balance

15



of theAatmosphere as a whole.

Manabe and Wetherald computed the vertlcal dlstrlbutlon of
temperature in the atmosphere, allow1ng for absorptlon of 1ong

Wave radiation by water vapor, carbon dioxide gas, and ozone.

In the computatlon\there was used the vertlcal dlstrlbutlon of rela@r

tive humidity given by empirical f;ndlngs: It was assumed that
the distribution of temperature is determined by conditions
of local radiativs equllbrlumL/lf the vertical gradlent of
temperature does not exceed 6.5 /km The indicated value of the

temperature gradient was regarded as the maximum possible because

of the limiting influence of convective processes onham ancrease.‘-

LN el
vl e

of the wvertical gradient.

Manabe and Wetherald found that for average conditions of’
cloudlnessqdoubllng the concentratlon of carbon dioxide gas at
constant relative humidity increased the temperature at the
earth's surface by 2.4°, Halving the‘existing‘concehtration
lowered the air temperature by 2.3°.

In subsequent works by Manabe caleulations‘were made of the
influence of changesiin) carbon dioxide concentration on air
temperature at various latitudes. Using a‘three-level model
of the'general.circulation.of the atmosphere, Manabe found that
the rise of temperature at high latitudes due to an increase in
carbon dioxide concentration exceeded by roughly a factor‘of two
the rise in average global temperature (Inadvertentfcllmate’?
%Modlflcatlon~ 1971) ' ' :

Changes in air temperature at various latitudes for a large
range of carbon dioxide concentrations were calculated by L. R.
' Rakipova and 0. N. Vishnyakova (1973). For the solution of
the problem posed in this work a two-level model of the thermal

regime of the atmosphere was used, including an account of the

le6



.xradiative fluxes of heat, the supply and withdrawal of heat with
¥ condensation and evaporation, macroturbulent heat exchange in

the atmosphere, and the heat exchange between the surface of

the ocean and low-lying layers. In computing the radiative fluxes

the influence of water vapor and ozone was  taken into account.

L. R. Rakipova and 0. N. Vishnyakova calculated Changes
‘of air temperature for various latitudes and different heights
as a function of the concentration of carbon dioxide gas,

which varied from zero to a value exceeding by 5 times its )
pPresent-day value. Calculations were done for the cold and warm

halves of the year, under conditions of a cloudless atmosphere

and for average conditions of cloudiness. The influence of the

iélouédoVerEOn the relation of air temperature with concentration

of carbon dioxide gas proved to be comparatively slight. Dif-

ferences in this dependence for the hot and cold halves of the

year likewise turned out quite small.

The dependence of the average_giobal temperature at the
earth's surface for average annual conditions on the carbon dioxide
concéntratidnrdetermined‘by L. R. Rakipova and 0. N. Vishnyakové
is illustrated in Fig. 3 in the form ofia dashed line. AS is &vident
in this figure, the air temperatﬁ:e at the earth's surface decreases
by 6 - 7° with a reduction of thé concentration to zero, ahd rises
roughly - by 2° with an increase of concentration by 3 -'4 and

more ‘times compared with its contemporary level.

It must be noted that L. R. Rakipova and O.N.. Vishnyakova,
in contrast to Manabe and Wetherald, assumed that with changes
of carbon dioxide concentrations the absolute humidity of the
air remains constant. This assumption implies that changes in
evaporation with changes of temperature at the earth's surface
are negligible in effecf, which leads, as was shown by Manabe and
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Wetherald, to some underestimating of the changes of air tempera-

. ture due to fluctuations of carbon dioxide concentration.

All the investigations referred to above on the influence
of change in carbon dioxide concentration on the thermal regime
of the atmosphere contain: a great number of simplifying N
assumptions. In the majority of these investigations the prob-
lem is considered a local one, without accounting for possible
changes on the general circulation of the atmdsphere as a

result of changes in air temperature.

From this poinﬁ of view the recent works by Manabe and /13
the investigations by L. R. Rakipova and O.N. Vishnyakova are of
interest, from which it follows that the computation of the temp-
erature éhanges at various latitudes gives results for average
- global conditions not differing ye@y”Qre&tliffigm'a calculation
made directly from data averaged for the planét as a whole.

It was already repeatedly noted that temperature changes due
to fluctuations in the quantity of carbon dioxide can depend on
associated changes in'the cloud cover regime. Although recently
obtained results showing that%ihé influence of changes in cloudi-
ness on the temperature-at the éarth's surface in a series of
cases is not significant (Budyko, 1971}, this guestion is ob-

viously required in a future investigation.

Of the various limitations accepted in earlier completed
investigations of the effect of the quantity of carbon dioxide
gas on climate, one of the most significant, from our point of
view, 1is the direct inverse connections between the thermal
regime of the atmosphere and the area of polar ice cover.

This effect was partly allowed for in the latest works of Manabe
{(Inadvertent - Cllmate Modlflcatlon 1971), which tock into account
changes in the area of snow cover asa function 6f the thermal

regime of the atmosphere. As a result Manabe obtained more -
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aigﬁificantﬁ dhanges%jof air temperature (in particular for the
» higher latitudes) with fluctuations of carbon dioxide concentra-

tion in the atmosphere.

The study of the influence of changes in area of the polar
ice cover on the connection of carbon dioxide concentration with

the thermal regime is of interest. o

From general considerations it follows that fluctuations
of the area of polar ice can intensify changes in the thermal
regime resulting from the significant influence of the ice cover
on the earth-atmosphere system. Calculations made earlier show
that such an influence intensifies by several times changes in
the average planetary temperature at the earth's surface due to
fluctuations in the flux of radiation at the lower boundary of
the atmosphere (Budvko, 1968). | '

It is evident that the guestion of the influence of changes
of carbon dioxide concentration on the thermal regime is closely
connected with the question of thé degree(bfbstability of the .
cohtemporary climate, i.e, of the possibiiify of its significant

change with small fluctuations in the climate-producing factors.
3. STABILITY OF CLIMATE

For the study of the guestion of the stability of the thermal
regime in the contemporary epoch it is necessafy to make use of
a numerical model of the distribution of témperature in the
atmosphere, in which the main factors influencing the thermal
regime are taken into account. In the eluc1dat10ns of these
factors one must take into'consideration the thermal reglme 'f
of the lower layers of the atmosphere is determlned to a signifi-

cant degree by the long wave radiations going to outer space, /14
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fto outflow. |

‘which is basically formed within the limits of the troposphere.
- The dependence between temperature-at the earth's surface and

outgoing radiation was established in a series of theoretical

‘and empirical investigations (Manabe and Wetherald, 1967; Budyko,

1968, et al.).

The ameunt of outgoing radiation is the algebraic sum of all
the other components of the heat balance of the earth—atmosphere
system, including absorption of solar radiation, the buildup
and dissipation of heat in this system, and the horizontal
redistribution of heat in the atmosphere and ocean due to cir-
culation processes. This redistribution is basically determined
by the transport of heat in the troposphere.and\in a comparatively
thin upper layer of the oceanic waters. As available estimates
show, for wide belts the buildup and dissipation of heat in the
earth-atmosphere system in the course of a year depends little on
the heat exchange in the atmosphere and upper layers of the so0il,
and is determined chiefly by thermal processes in the upper la-
yers of the ocean. ‘

The average latitudinal magnitudes of the enumerated compo-
nents of the heat balance of the earth-atmosphere system are
presented in Table 1, compiled from the findings of investigations

of the heat balance made at the Main Geophysical Observatory.

In this table Q is the solar radiation absorbed in the
earth-atmosphere systen; Al and Az, the redistribution of heat

as a result of circulation processes in the atmosphere and in the

‘ocean respectively, B, the change .in heat content of the upper

layers of the'ocean,-IS, the 1onngave radiation going out to

- -2
outer space. All quantities are expressed in kcal - Ccm r_nonth e
AT P

p051t1ve values correspondlng to inflow of heat and negatlve,'"_
LSRN B -
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Table 1%

HEAT FLUX AT VARIOUS LATITUDES (ki1oca1or:i.es§-;)cm'?ffg-jmonth'l)

W

i ] o |

I - { - f
1at1tudé‘flrs# half-years. __second palf vears ,
4 . % | A | Al g oleg | A | | B | g
80—90°C | 7,81 4,5| 0 |—0,8|—11,5] 0,1f 9,1| 0 0,8}—10,0
70—80 8,21 44! o |—08|—11,8[ 05! 93| 0 0,8{—10,6
“60—70" 11,5 1,8 0,4]{~121—i12,5( 1,87 6,7| 1,5} 1,2p—=11,2
50—60" J 14,61 0,0 "1,3]—2,8}-~13,1| 4,01 47| 0,5 2,8}/—12,0
40-50 :. | 16,9 |=1.0] 2.07-3,9| —i4,0| 6.5 2,9|—0,6]  3,9}—=12,7 -
30—40. - | 19,2 [—1,4] 1,7]—4,3|—15,2| 9,5 0,9|—0,7| 4,3[—14,0
2030 20,0 | 2,0 0,4[—2,9|—15,5| 13,7} —0,0|—0,6| 2,9|—15,1
10—20 - 119,71 —2,4]—0,9]—1,4| —15,0) 17,0/ —1,8|—1,0| 1,4[=15,6
0—10 18,40 —i,41—2,2|" 0,1|—14,9§ 18,7 —2,1|—1,4|—0,1}—15,1
010000 | 18,0 |—2.3{—2.2] 1.5|—15.0| 19.7]—2,4{—0,8|+1.5] 15,0
_ 10—20 | 16,2 1—2,6 9l 2,5 -15.2] 20,71 —3,5| 0,3|—2,5|—15,0
T 2030 13,0 1 —1,41—0,3] 34|—14.7] 20,6]—=3,5| 1,2|—3,4{--14,9 -
fo80—an )89 04l 041 4,2]-15.9] 18,0 —2.0] 1,4]-—1,2] =14
0—50 25,90 LAl e d.5]—129f 15,9 0,0 0,6]1—=3,5]—13.0
50—60 33,9 2.6 2.51—12,3012.8]  2.60-0,6]—25¢~12,3
6070 JLOT 950 ] o8l=1n,3] a0 03] 0 |=0.8]-11,6
70--80 020 ugl 0] 0 [—10,0] 4.4 6.53] O ¢ =10y
80—-50 | 0,01 88|70 0 | —8.8] 3,4 6:9|.0 (-0 [—-10,3

|
I

The upper half of the left side of the table and the ldwer /15
half of the right side refer to the warm half of the year, the
lower half of the left side and the upper half qf the right side,
to the cold half of the year. ' i

From the table being considered it is evident that the
absorbed radiation is not the only factor determining the magni-
tude of the outgoing radiation. ‘For the temperature and high
latitudes during the cold half of the year (for high‘latitudes
of the southern hemisphere during the whole year) the main source
of heat is its transfer from the lower latltudes by the atmos-

pherlc circulation.

Of the two processes of'héat'exchange in the oceans, the
more significant is the seasonal buildup and dissipation of
heat in the mass of oceanic_waters., In several latitudinal zones
the. magnitude of this comﬁoﬁent of the heat balance reaches 25 -

*Commas in the table are to be understood as decimal points.

21



30% of the magnitude of the ocutgoing radiation. The redistribu-
%+ tion of heat by ocean currents plays a smaller role, although in
certain belts its magnitude can reach 15 - 20% of the radiation
to outer space. It is important to note that the values of the
components of the heat balance of the ocean being considered

were referred to a common area of the latutudinal belts (in the
majority of cases this noticeably decreases theirﬂmagnitude~%m/
comparison with components of the heat balance referred to

the area covered by the oceans).

The data of Table 1 show that for the determination of the
outgoing radiation through other components of the heat balahce
it is necessary to take into consideration all the components

of the balance inciuded in the table.

Thus, numerical models of the thermal regime of the. atmos-
phere which inclqdeAan accounting of the influence on outgoing
radiation=of 6ﬁiyfthe absorption of solar radiation can always
provide inéccurate results in the study of changes of air tempera-
ture in various latitudinal belts. The construction of a closed
numerical model of the thermal regime, including an account of
all the basic components of thaheat balance of the earth-atmosphere
system, is associatéd with 1éfge difficulties, which at the _
present are succeeding in being covercome mainly by strong schema-
tization of therproces#ﬂbéing studied. One of the methods of
such schematicization iéuihéorporatéd'in the construction of a
semiempirical theory of climate. {Among %he@ibql@ng ﬁodglsn"iﬁy
worked out at the Main Geophysical Obsérvatory (Budyko, 1968;
Budyko, Vasishcheva, 1971), and likewise models proposed by
American authors (Sellers, 1969; Faegre, 1972).

Starting with our 1968 work, all models proposed for the-
indicated research include an accounting of the‘inverseinelation7iﬁ

22



between the thermal regime of the atmosphere and polar ice, which
¥ has significant value inthe .study of the stability of the
contemporary climate. The essence of this inverse relation is

contained in the following.

As was shown by observation with meteoroldgicalfsétélliteSIQEéig
the earth, the albedo of the earth-atmosphere system in the
polar ice regions is significantly greater than the albedo of
ice-free regions. As a result of this, during theépériodfof '
contraction of the area of polar ice induced by warming, the mag-
nitude of the absorption of radiation is increased, which can
promote further raising of the temperéture. At the time of an
increase in the ice area as a result of cooling, an increése'in

albedo can lead to additional decrease of temperature.

Taking into consideration this inﬁerse relation, it was
possible to.obtain a conclusion on the very great sensiti-
vity of contémporary climatic conditions to small changes in the
climate-producing factors. Thus,in particular.it was made clear
that a decrease in the flux of solar radiation by an amount
of around 2% can lead to the complete glaciation of the ter—

restrial sphere (Budyko, 1968}.

A similar condlusion was obtain also in the works of
Sellers ahd Faegre. Another conclusion deserves attention,
which: proceeds from the semiempirical models of the thermal
regime of the atmoéphere, namely the conclusion of a nonuniqué
relation between contemporary climate and external climate-
producing factors. This conclusion was first obtained as a result
of calculation of the thermal conditions for a "white earth,"
i.e.,for the case of complete glaciation of our planet. From
simple physical considerations it follows that with the present
magnitude of the solar constant and complefe glaciation of the
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earth, the temperature of the earth's surface would be equal to
several tens of degrees below zero,_gﬁgugiﬁgjgreat stability of
the regime of glaciation (Budyko, 1962)., This conclusion was
likewise reached from the model of the thermal regime ?f the
atmosphere mentioned above (Budyko, 1968). .By means of thlS

model the distribution of average latitudinal temperatures was
calculated for a™'white earth",which turned out to vary from
-68°C at the equator to ~73°C at the pole (Budyko, 1971). It is
important to note that although the corresponding values of temp-
erature 51gnf11cantly depend on the choice of the magnitude of
the albedo for an ice-covered earth's surface, for any plausible
values of the albedo the middle-latitude temperatures remain
considerably below zero. Thus, a "white earth" is the second

possible version of the climate for contempdrary conditions.

-From a model of the thermal regime which we proposed the

caonclusion was also drawnithat the existence of a third version

\*of the élimate was pOSSJ_ble namely, w1th partlal glatlatlon of the earth )

and with lower temperatures compared w1th the present. However
-this version of the cllmatlc regime is unstable, i.e.,it trans—

- forms to other: markedly different types of climatic conditions
with very small changes in the cllmate produc1ng factors (Budyko,
1972).

In the work of Faegre mentioned above the; use of the B
semiempirical model -of the thermal regime of the atmosphere
pfoposed by him resulted in five differing solutions, of which
Faegre considered three to have @h?sical meaning - a distribution 4l1l
of temperature corresponding to contemporary climatic conditions,
a distribution of temperature for the case of complete glaciation
of the earth, and a. distribution with partial glaciation and
with average temperatures lower by comparison with those existing.

Although Faegre supposed that obtaining & conclusion. for the_iﬁﬁ
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possibility of . existence of three climatic regimes fo¥ “ghe
present value of the solar constant is a peculiarity of;the_medel
which he worked out, it is nevertheless clear that differing
-semiempirical models lead to one and-the same conclusion about
the ambiguous - connection of the earth’s climate with climate-

producing faetors.
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Fig. 1. Dependence of the average latltude of the boundary of
thepolar ice cover in the Northern Hemisphere on the influx
of radiation at the outer limit of the atmosphere.

We shall now considér the question of the sensitivity of the
contempofary climate to slight changes in the climafe-producing'
factors. Using the modei proposed earlier for the calculation
of the distribution of the average annual value of the average
latitudinal air temperature at the earth's surface (Budyko,
1968), one can find the dependenee of the boundary of polar ice
in the Northern Hemisphere on the magnitude of the solar constant.

This dependence is presented in Fig. 1, where A Q /Q
the relative change of 1nflux of solar radlatlon at the outer
llmlt of the atmosphere, expressed in percent, .4 , the average
latitude of the boundary of polar ice cover in the Northern

Hemisphere.
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The dependence of ¢ on AQp/Qp is illustrated in the form /18
of a system of heavy lines which show that this relation has an
‘amblguous ) character and that it actually is different for cases
of increasing and decrea51ng influx of heat at the outer boundary
of the .atmosphere. We shall fivst consider the case of an increase
of the heat flow from an initially small value. In the case of
small heat inflows (i.e.,for AQ /Q numerically less than 0)
complete glaciation of the earth takes place (¢= 0 ) which lasts
during the increase of the heat flow to its present value (pdint
1), and up to a value exceeding the indicated value by several
tens of percent (point A). The regime of glaciation corresponding
to point A is unstable and with a slighr increase of the heat flux
transforms to a regime of oOmplete absence of glaciation (point
A'). Further increase of the heat flux corresponds to the

preservation of an ice-free reglme

With a decrease of the heat flux from an initial value
significantly exceeding the solar constant, conditions of an
ice-free regime ( ¢= 900) are observed at first. On reaching
point E, close to the contemporary value of the heat flux,
polar glaciation appears, which rapidly increases with decrease
of heat flux. After reaching point 3, corresponding to the present
climatic regime, with a decrease of the influx of heat by a
value about 2% of that now observed, the ice cover reaches 50°
North latitude (point B).

The regime of glaciation corresponding to this point is
unstable and with slight decrease in the heat influx transforms
to a‘regime of complete glaciation (point B'), which is maintained
with further lowering of the heat flux.

Using the model mentioned above it is also possible to
get the relation betweentfi¢'quantity '» and AQP/Qp,illustrated
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5&_‘ the dashed curve AB. Since for this curve there is typically
an increase in the value of ¢ with a decrease in AQ /Q (or

a decrease in ® with an increase in AQ /Qp), one may suppose that
it ‘corresponds to an unstable regime of gla01atlon hat - trans--
forms to a regime of complete glac1at10n or complete absence of
glaciation with small fluctuations in the heat flow. Regarding
that point on curve AB corresponding to the present value of the
heat flux (point 2), it characterizes an unstable regime, which

cannot exist for a long period.

~ Thus the dependence of polar glaciation on heat flow has
the - form of ‘ahysteresis loop, the segments AA' and BB’ of which
refer to conditions of increasing and decreasing influx of heat,

which are shown in Fig. 1 by arrows.

The other segments of the hysteresis loop,. corresponding
to unstable regimes of glaciation, can characterize the dependence
of ¢ oanQp/QP in the cases of both increase and decrease of
the heat flow.

A more complex model of the thermal regime of the wvarious
seasons can likewise be used for the study of the dependence
presented in Fig.'l'(Budyko, Vagishcheva, 1971). Application
of this model gives results differing somewhat in quantitative /19
relation from the scheme illustrated in Fig. 1, but completely
agreeing with the relations of the basic qﬁalitative mechanisms

which we are considering.

This result seems natural, inasmuch as one must establish
these mechanisms on the basis of general considerations which
it is necessary to take into account during development of the

most different models of the thermal regime . (Budvko, 1972).

Thus, it is gﬁéﬁhble that the hysteresis character of the
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Fig. 2. Dependence of the average planetary temperature I
on the influx of radiation at the outer boundary of the
_"atmosphere AQP/QP._

dependence of polar glaciations on the heat influx will be supported
by further investigations, based on the application of more

complicated models of the thermal regime of the atmosphere.

The dependence of the average planetary air temperature /20
at the earth's surface on the heat flux, determined with the aid
of the models described above, is presented in Fig. 2. All mark-

ings in this figure agree with those accepted in Fig. 1.
As i$ evident'ih'Figf 2, the dependeﬁce‘of'the average plane-

- tary témperature on the heat influx i$ in many ways analogous to

the corresponding dependence for the limit of polar glaciation and

28



likewise the character of a hysteresis loop. | |

The immense drop of temperature for "white earth" conditions,
i;é.ber complete glaciation, deserves étteﬁtidn, The question
of the thermal regime of a "white earth" is considered in more
detail below.

The actual changes of temperature during the major part
of the earth's history was evidently limited by the small line
segment, distihg@iéhihg:;possible thermal regimes of our planet
from values located a little higher than point E down to magni-
tudes lying slighly above point B. Comparisoh is interesting
of that portion of the line béing considered with the dot-
and-dash straight line drawn through point 3 and corresponding
to changes in the average planetary temperature in the absence of
an iﬁfluence of pblar ice on the thermal regime. Such‘comparison
indicates how polar ice intensifies changes of temperature due
to fluctuations of heat inflow.. |
4. THE INFLUENCE OF ATMOSPHERIC CARBON DIOXIDE ON THE THERMAL
REGIME

For the elucidation of the possible influence of changes of
carbon dioxide'cdncentrationon climatic . conditions, the study
of the climatic regimes related to the section BE of the curves

presented in Figs. 1 and 2 have the greatest significance.
Especially characteristic of these‘regimés_is.their high'

sensitivity to changes of heat inflow, in connection with which

climatic conditions can be 51gn1flcantly changed with comparatlvely

small fluctuations in cllmate-produ01ng factors.

Using the model of the thermal regime of the atmosphere
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mentioned above one can evaluate approximately, how changesin’>
carbon dioxide concentration affects the average planetary

temperature at the earth's surface.

We shall assume that in the absence of an inverse relation
between air temperature and polar ice the temperature at the
earth's surface would change with fluctuations in carbon dioxide
concentration in accordance with the dependence establishedi.in>
the work of L. R. Rakipova and O. N. Vishnyakova mentioned
above.

For the estimation of the influence of carbon dioxide con-
centration on the thermal regimeptaking into account the indicated

inverse relation, we shall make use of the relationship
i = (1)

(IS is the long wave radiatibn going to outer space with the /21
contemporary value of the carbon dioxide concentration in the
atmosphere, IFS, the outgoing radiation for various values of the
carbon dioxide concentration, §, a dimensionless coefficient

depending upon the carbbn dioxide gas concentration), which one

can take to be sufficiently accurate for small differences of the

coefficient § from 1.

Using for the determination of I, an empirical relationship
established in work completed earlier (Budyko, 1968 et al.),
we find ‘

Ty lad-bT— (@ Ty Al

(2)

where T is the air temperature at the earth's surface in degrees
Celsgsius, n, cloudiness in fractions of unity, a, b, al, and bl'
dimensionless coefficients. '

30



. “Taking into consideration that for the terrestrial sphere
as a whole the quantity of absorbed radiation is equal to the

outgoing radiation, we obtain the relationship

—_— 4 - e

Q=) =1 latbT,— (b Tyl (3)

Here Qp is the solar radiation at the‘outer " boundary of the
atmosphere, qg, the albedo of the earth-atmosphere system,

TP, the average planetary temperature at the earth's surface,
np, the average cloudiness. From this we find the formula for

the determination of the average planetary temperature

Q) e e an, (4)
5 ﬂ" Tb —biny) '
We shall suppose that the coefficient 6§ depends slightly
on latitude. In this case; employing the semiempirical theory
of the thermal regime of the atmosphere (Budyko, 1968) for the
determination of the average annual temperature in the different
latitudinal belts, we obtdin the formula

Q1) -8+ 4+ 5T,

ot —tbin (5)

-

where Q, é,_n, and T refer to the latitudinal belt being consi--
dered, B is a dimensional coefficient: . characterizing the inten-
sity of theé meridional heat exchange.

The value of the coefficient § for various carbon dioxide
concentrations can be found from equation (3), using it jointly
with the relationship established by L. R. Rakipova and O. N.

Vishnyakova and presented in Fig. 3 in the form of a dashed line.

Taking into consideration these values,and allowing for the
connections established earlier of the limit of polar ice cover
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and the albedo with‘theair temperature (Budyko, 1968), one can
calculate how the aﬁerage planetary temperature is changed as

a result of changes in carbon ledee concentratlon in the

presence of an inverse connection between polar ice and the thermal
regime. The result of this computation is presented in Fig. 3

in the form of a continuous line.
) -~

/22
As is evident from Fig. 3, a change in the area of polar
jce markedly intensifies the influence of fluctuations of carbon
dioxide concentration on the average planetary temperature.
'Wlth(ae 1ncrease;u1the carbon dioxide concentration by 30%
relatlfeuteltls present—-day level, the temperature notably 1ncreasesﬁ
"and, for a carbon dioxide content-greater than 0.06%, becomes h}gher by

4 - 5° than the temperature existing now. ’

With a decrease in the gquantity of carbon dioxidevthe average

planetary tmeperature_ falls, the average temperature at the

1 . J_.
0,10 B

Fig. 3. Dependence of changes of average planetary tempera-
ture ATP on carbon dioxide concentration C.
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sarth's surface falling several tens of degrees for a carbon __ /
dioxide concentration equal roughly to half of its contemporary
valueﬁwhich corresponds to conditions of complete glaciation of
the earth.

The dependence of the boundary of polar ice in the Northern
Hemisphere on the quantity of carbon dioxide during its decrease,
calculated by the éﬁhgme presented, isdepicted ';in Fig. 4.

An increase in . carbon dioxide concentration of 30% by comparison
with its contémporary value appears sufficient for the complete
thawing of the polar ice, and a reduction in the concentration by
a factor of 2 leads, as noted above, to the complete glaciation

of our planet.

In considering the dependences presented in Figs. 3 and 4,
one must keep in pindg’ that they characterizestEa&y—s;éte(coﬁditiqns
of the atmosphere - ocean - polar ice ﬂfﬁ@iem, which can be
attained only after a long interval of time, von:the order of
thousands of years. If the changes in ca:bon’dioxide concenfra—
tion take place significantly more rapidly (as is taking place, /23
for example, in the modern epoch), changes of thermal regime and "
the polar ice limit will be notably smaller than those changes
which are determined by the relationships presented in Figs. 3
“and 4. The question of the computation of the influence of such
relatively rapid changes of carbon dioxide concentration on
climate was considered in one of our earlier completed works
(Budyko, 1972). o

With the aid of equations (4) and (5) one can calculate the
distribution of average latitudinal temperature at the earth's
surface for an ice-free regime, corresponding to a concentration
of carbon dioxide gas equal to 0.042%, and for complete glaciation
of the earth, corresponding to a concentration of carbon dioxide
gas equal to 0.015%.
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Fig. 4. DependenceZOf average Fig. 5. Distribution of average
latitudinal limit of polar ice latitudinal temperature in the
cover in the Northern Hemisphere  Northern Hemisphere with concen-
on the concentration of carbon tration of carbon dioxide gas

dioxide gas. egual to 0.042% (1), for the
‘ contemporary regime (2), and for
concentration of carbon dioxide
gas equal to 0.015% (3).

The computation for the first case was made assuming that
the albedo of the earth-atmosphere system at high latitudes in
the absence of ice is equal to 0.40. In the computation the
influence on the thermal regime of possible changes in cloudiness

is disregarded.

In the second computation it is assumed that the albedo is
equal to 0.64 at all latitudes, and that the influence of he cloiud-
“cover on the thermal regime i$ insignificant. ™ =~ Ty

The results of computation for the Northern Hemisphere afe
preseited in Fig. 5 in the form of curve 1 (ice-free regime)
and curve 3 (complete glaciation of the earth). The distribution
of average latitudinal temperature for contemporary climatic
conditions are illustrated by curve 2.

As is obvious from the figure, with a rise in carbon dioxide

concentration to 0.042% the average annual temperature inrthé
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1 ow latitudes incrases approximately 2°, and in_the high __ |
latitudes up to 11°, |

In the case of completeglaciation ("white earth") the average /24
annual temperature drops by roughly TOO_at the equator and by
roughly 45° at the pole. It is important to note that the tempera-
ture values found in this computation for conditions of complete
glaciation differ somewhat from the values obtained inAé'formér
 work (Budyko, 1971). This difference is explained by the use .
in the computation presented of the natural assumption that the
influence of cloudiness on the thermal regime is insignificant at
very low air temperatures, and also by the employment of a some-
‘'what smaller value of albedo for a “"white earth."

Thusqas a result of the immense influence of the inverse
relation between the thermal regime of the atmosphere and polar
ice on thedistribution of air temperature, relatively small
changes of carbon dioxide concentration, from 0.015 to 0.042%,
quify the average annual air temperature in various latitudinal

belts by several tens of degrees.

Althoughthe accuracy of this compﬁtation is limited in
connection with the presence in the model of the'thermal regime
used of a series of simplifying assﬁmptions (these assumptions
are discussed in a preceding work - Budyko, 1972), one can Believe
that the conclusion about the lowering of the air temperature by
several tens of degrees with complete glaciation of the planet
will not be changednﬁit@;he application of more detailed models of
the thermal regime (this conclusion is supported in particular

by the works of Sellers and Faegre mentioned above.).

At ' the same time the estimate derived here of the change ih

concentration of carbon dicxide will bring about complete gla-
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ciation has a very approximate character and must be refined

in future investigations.
5. THE FUTURE OF THE BIOSPHERE

We shall close with the question of the possibility of using
the dependence of climatic conditions on the carbon dioxide
concentration found here for the study of the mechanisms of

'natural changes of climate which proceed relatively slowly.

Aé is evident in Figs. 3 and 4, the influence of the guantity
of carbon dioxide in the atmosphere on climate appears most
‘remarkable relative to the narrow range of its concentration -
from 0.015 to 0.042%., For higher and lower concentrations the
influence of carbon dioxide on the thermal regime is less signi-
ficant. Within this narrow range slight fluctuations‘in the
guantity of carbon diokide can bring about immense changes of
"the thermal regime.

One can think that the dependences presented in Figs. 3
and 4 characterima@dﬂiitiiigof the lést millions of years of
ggological history, when the location of the continents and oceans
differed little from the present. In this connection,it is |
obviously impossible to make use of these dependencie; for the .

study of the genesis of ancient pre-Quaternary glaciations.

\As for periods closer to our time, one can suppose the presence of
a definite connection between the considerable cooling which '

——

occurred at the end of the Pkgpggne‘?Bdfﬁéiﬁggippgggngfhﬁhg“ngié%os‘

cene and the diminution of carbon dioxide in the atmosphere. . /25

Accofdipg to available data, at the start of the rise in
carbon dioxide concentration (that! took place in recent decades
A o o ", .
its value amounted to about 0.029% (Iﬁ@ﬁvertentjgilmate,@bdl—

fication, 1972). This magnitude is smaller by 0.013% than
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the crlthal maqnltude at whlch Dolar qla01atlon must ‘have "oc- '%

R

curred.; A change of carbon ledee concentratlon . by 0. 013%W
using the estimate of the rate of its decrease for the last
200 million vears presented above could have occurred in ap-—
proximately 300 thousand years, whichpin order of magnitudeww
~agrees: withthe duration of the Quaternary period It is under-
standable thatyit is 1m90551ble to .obtain more precise agreement |
ln ‘the present case because of. s;gqgflcant inaccuracy of |
the magnittude of thé average rate of decrease in the gqguantity of
carbon dioxide, and because this rate in the last millions of years

( obviously decreased.

The question deserves attentlonfﬁs to whether the fluctuations
in carbon dioxide concentration in the Quaternary perlod could have_ B
brought about the advance and retreat cof the ice cover. '

From Fig. 4 it is evident that the limits of polar glaciation
are displaced by 5 - 10° with changes 1n concentratlon of carbon
dioxide by 0.005 - 0.010% in all, i. e.»Ey 11/5 - 1/3 of its
present~day content. While such changbs are relatively small,
there. exlsts no !data that they actually took place during the

epoch of<deve1@pment=and diminution of gla01at10n

In contrast, there is no doubt that in theAQuaternary period
the location of the earth's surface relative tOﬂthe sun perlodlcally{
changed. Inasmuch as: computatlons carrled out show that changes “j
in the radiation regime connected w1th‘thls cause were gufficient
for the development of glaciation (Budyko} 1972}, one can think
that the fluctuatidns of the carbon dioxide concentration ‘(as well
as changes in atmospheric transmissivity due to volcanic activity)

had small influence on gléciatiOn.

Along with this, as noted above, it is always possible that
the gradual lowering of the carbon dioxide concentration was the
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essential factor making possiblé the development of glaciation.

Chénges of the-location of.the_ea:th's_sprface relative to
the sun did take place both in Mesozoic and Tertiary time,
but they did not bring about the occurrence of important gla-

ciation..

In a series of investigations theqiéssumption was asserted
that the absence of glaciation during.fhis epoch was cbnnected
with an increased intensity of meridional heat exchange. due to ‘a dlf—
{ferenF\ location of the continents more conducive to the develop~
meﬁExof ocean currents which transported heap from low latitudes
to high.

A

In our previous works it was remarked {Budyko, 1971) that
such a proposition was entirely credible, but it did not explain
the considerable lowering of the average planetary temperature
which occurred at the end of TértiaryaéﬁaghgifOné can think that
the cooling during this epoch was connected ﬁifh the decrease /26
of carbon dioxide concentration in the atmosphere pelow the cri-
tical value indicated above;;following which considerable polar f
glaciations appeared, the dimensions of which grew with a reduc-
tion in the arrival of radiation at the high latitudes in the

warm part of the year.

The evolution of polar ice covers in the future must depend
essentially on changes of carbon dioxide content in the atmos-—
phere.

At the beginning of this work it was remarked that, for a long
time, there existed a tendency for the lowering.jof the concentra-
tion of atmospheric carbon dioxide. One may think that changes
of the-amount of free carbon dioxide in the atmosphere and

hydrosphere over a long period of time cannot depend on the
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f;gcféégé‘wﬁor decrease of the total mass of living organisms.

_ Thué, for example, if we would compute the total mass of living
organisms corresponding to the value presented at the beginning
of this work, a Ehénge of its magnitude by 100% can be compen-.
sated for by the arrival of carbon dioxide from the lithosphere
{or the consumption'bf carbon dioxide in geological processes)
for roughly ten thousand years., If it is assumed that  ;in the
past the guantity of biomass was larger by an order of magnitude,
then the corresponding estimate would rise only to a hundred
thousand years, i.e.,to a magnitude still small by comparison

with the duration of geoclogical periods.

It is obvious that the influence of changes in the mass of
living organisms on the carbon dioxide balance is negligible
compared with the gas exchange of -the.atmosphere and lithosphere

during long time intervals comparable with the geological periods.

In contrast to living orgaﬁisms, the lithosphere can accu-

mulate a very large quantity of carbon, and likewise consume

a larger qﬁantity of carbon dioxide over a long period of time.
Therefore the<gébibg;?élicomponents of the carbon dioxide balance,
much smaller ig'magnitude than the biological components of the
balance, have a basic significance for changes in the quantity

of free carbon dioxide. In contrast to the biological cycle

of carbon dioxide, in which the supply and consumption is
practically balanced due to a relatively small mass of living
organisms, the supply and consumption of carbon dioxide in the
geological cycle is weakly connected with it. Thereforeyoccasions

are possible when the supply of carbon dioxide from the litho-
‘sphere considerably exceeds its absorption by the lithosphere,
and vice versa.

Computing that in contemporary conditions there is an order

of magnitude difference in the consumption of carbon dioxide
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as a result of geological processes and the arrival of carbon
dioxide from the lithosphere equal to 108 tons/year, we find that
the rate of change of the qﬁantity of free carbon dioxide in the

atmosphere and hydrosphere can amount to 1014

tons over a million
- years. Assuming that the guantity of atmospheric carbon dioxide
amounts to 2% of the carbon dioxide in the hydrosphere, we
obtain a possible magnitude of decrease of thé gquantity of
atmospheric carbon dioxide over a million years equal to 2@&012
tons, or 0.03%, which corresponds in order of magnitude to the
estimate presented above of the; average rate of decrease%iﬁ} /27

atmospheric carbon dioxide over the last 200 million years.

In this ménner‘géological processes can be the cause of the
changes in concentration of atmospheric carbon dioxide which are
f0¢§§§€%§gg Quantitative analv81s of the influence of processes
in the lithosphere on the balance of carbon dioxide is hampered
by the very low accuracy of;}heqavallable information about the
carbon balance in the lithogghéée. Available estimates essentially
permi£ determination of only an order of magnitude of the size of
the corresponding members of the balance of atmospheric carbon
dioxide, which is insufficient for the estimate of its possible

changes in the future.

It was remarked above that with the results obtained in this '
work it is possible to find the changes in concentration of
atmospheric carbon dioxide over time, occurring after the ap-
pearance of polar_glaciations. This change comprises roughly
50% Df.the magnitude of carbon dioxide concentration which
was observed in the contemporary ‘epoch at the beginning of its
rise under the influence of the industrial activity of man.
Reckoning that the polar glaciations significant in area arose
about a million years ago we find that the rate of reduction
in concentration of carbon dioxide amounted to about 0.013%

over a million vears. This value is three times smaller than the
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estimate - presented above of ‘the average rate of decrease of
carbon dioxide concentration in the atmosphere. over the last

200 million years.

Such a difference appears naturalfinasmuch as with the decrease
of concentration of carbon dioxide the rate of its decrease,

expressed in absolute units, likewise can decrease.

The guestion of the relation of the rate of absorption of
carbon dioxide by the lithosphere to the levels of its concentra-
tion in the hydrosphere and atmosphere has great significance
for the elucidation of the tendency of changes in the guantity
of carbon dioxide in the future. If the rate of absorption:

-would have been proportional to the concentration ef carbon
dioxide, the process of decrease i@fthe gquantity of carbon dioxide
in the atmosphere and hydrosphereﬁét its small concentrations would

‘have been essentially retarded. ‘However, there is a basis for be-7 "1
‘@‘11ev1ng that in several conditions the” rate of absorptlon 1s not dec- {

reased with a lowering of the carbon dioxide concentration, but
increases. ”Thus,ln partlcular%A. B. Ronov calculated (Ronov,

1959} that the consumption of earbon_dioxide inthe formation of
sedimentary rocks in the oceans increases with the lowering of
the carbon dioxide concentration, which increases the pH index

of oceanic waters.

In the absence of a ‘direct relation'between the rate. of
absorption of carbon dioxide and its concentration, and_all the more  {
in the presence of an inverse connection between these magnltudes:
the content of carbon » dioxide gas in the atmosphere can drop

comparatively rapldly to very small values.
For the elucidation of possible changes in the quantity of

carbon dioxide in the atmosphere and hydrosphere an investigation

of the carbon dioxide balance in detail is required, including A
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study of the connections between concentrations of carbon dioxide
and various components of the balance. In the accomplishment of
such an investigation for the estimate of the quantity of carbon
dioxide in the futuré, it is necessary to be restricted by the
extrapolation of available‘data on changes .of concentrations /28
of atmospheric carbon dioxide during. the latest geological

period.

Employing such an exfrapolation, one can estimate over what
period the concentration of carbon dioxide in the atmosphere
could have been reduced from its value which existed before the
epoch of rapid industrial development,éng;%to.0.029%,'to the
magnitude at which éomplete glaciation of the planet is possible,
equal to 0.015% by the data presented above. The difference
between these two values is close to the change of carbon dioxide
concentration which occurred over the period from the beginning
of the Pleistocene-to‘the contemporary epoch. In this manner one
must conclude that the complete glaciation.of the earth could
have occurred over a period of time comparable with the duration

of the Pleistocene, i.e.,in approximately a million vyears.

If we take into consideration thatsalong With.the general
tendency%in\the development of glaciation, brought about by the
lowering of the carbon dioxide concentration, there occurred
periodic epochs of increase in ice cover due to change of the
position of ‘therearth's surface relative to the sun, then this
value has to diminish. The probable time of onset of complete
glaciationwtaking ihto account the indicated effect,amounts to

several hundred thousand years.

Accepting this evaluation, once can imagine the following

picture of possible evolution of the biosphere.

A prolonged decrease in the concentration of carbon dioxide
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w1ll pe » accompanied by the gradual reduction of the productivity
of autotrophic plants and a reduction of the total mass of living
organisms on earth. Slmultaneously,the belt of polar

glaciations will spread, whlch”w1th the apperance of an ice

age¢w1ll be intermittent at the lower latitudes.

The productivity of autotrophic plants and the total volume
of biomass on the earth will have decreased by not more than a
factor of two when the ice cover reaches a critical latitude,
after which it will spread right up to the equator in the se-
quence of its development. As a result the complete glaciation of
the planet will occur, which will have great stability because of
the low negative temperatures at all latitudes of the terrestrial

sphere.

One can think that complete glaciation ﬁill lead to the ces-
sation of all biological processes on our planet. This suppo-
gsition is based on the fact.that:over the long\péiidﬁzof existence
‘of the gnﬁarcti¢§gla6ier no kinds of living organisms arose
which could continually exist in the central regions of that
glacier. With the extension for a comparatively short time of
the climatic conditions of central Antarcticar;to the whole
terrestrial globe it is hard to imagine the appearance oflliving
organisms which could adapt to such unfavorable conditions.

The complete glaciation of the planet corresponding to the
thermal regime noted in Fig. 2 by the point B' must be
extraordinarily stable, since -at all latitudes the air temp—
eratures would be conéiderably lower than the freezing point of
water. It is possible at the same time that the glaciation /29
indicated in the distaﬁt future might disappear as a result of the

gradual increase of the solar constant.

As is well known, in a series of astronomical investigations
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the proposition was stated that, in the course of the evolution of
the"suq?the temperature of its surface and the quantity of energy
-emitted by it will increase. This effect could reach a considerable

magnitude in several milliards @bllllon%?fof years (Whlte, 1967).

As is evident in Fig. 2, an increase in the solar constant
by roughly 40% is necessary for the destruction of a planetary
glaciation. In such an event the ice would thaw at all latitudes
and the air temperature would rise by more than 1000, reaching
an average maghitude of about 80°C. Inasmuch as with the futire
increase of the solar constant the temperature of the earth's
surface will continue to rise, it is doubtful whether the thawing
of the ice will lead to the creation of conditions suitable for

another genesis of life on earth.

Taking into account that the question of the future ewvolution
of the sun is not entirely clear, it is important to notice the
hypothetical character of this route of change of the thermal
regime of the earth. It is interesting however, that in its
realization the thermal‘regime'will proceed along stages, cor-
responding in large part to the hysteresis curve in Fig. 2 -
from the ice-free regimes of Mesozoic times {(a little above
point E) to contemporary conditions (point 3), conditions of
complete glaciation'(from point B' to A), and the destruction
of the glaciation (point a').

The estimate presented above of the time during which complete
glaciation of the planet could take ?lace hasQfor a variety of
reasons ,a very approximate character. Along with the schematic
hature of the model of the thermal regime of the atmosphere used
for the determination of this aﬁpraisal, the accuracy of the com-

c’i

pleted calculation 15 signlflcagé}y llmlted by_EhE_appllcatlon tjfi:g

of a method of determlnlng the rate of decrease of the carbon

dioxide content in the atmosphere which has a qulte hypothetical
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One can think that the result obtained here is'interesting
chiefly as an illustration bf the pfdpoéition‘stated earlier
concerning the specific nature of the Quaternary glaciations
(Budyko, 1971). To us it seems possible that,in contrast to
Permian-Carboniferous and other ancient glaciations, the
Quaternary glaciations are not temporal episodes in the evo--
lution of thé. earth, but the commencement of a transition from

the stability of the ice-free climatic regime to the still more

stable regime of complete glaciation of the planet. The duration:

of this transitional period, by which the existence of the

biosphere could have ended, as follows from the estimate presented

above, is very small compared with the total duration of the

existence of life on our planet.

Accepting this point of view, it can be concluded that man

appeared at a recent moment in the evolution of the biosphere.

The excepﬁronally rapld development £fom the point of view
of geologlcal time of a civilization of 1nd1genous form has
changed the outlook for the future ex1stence of the biosphere.

The data presented aﬁove,show that for the last decades, /30

as a result of the burning of various forms of fuel, the carbon
dioxide concentration in the atmosphere increased bf 0.003%.
Such an increase in the quantlty of atmospherlc carbon dioxide
compensates for its decrease whlch was accompllshed over a

time beyond two hundred thousand years. Thus,man's activity

has changed the direction of the'procéss of change of‘concentra—
tion of atmospheric carbon dioxide and its rate was increased

by a thousand times.: '

Although in this given case the influence of man on climate
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had an indirect character, it has already acquired a not insig-
nificant meaning for the prevention of the future development of
glaciations. '

r

Let us imagine the improbabqucase that;in the futuresthe
influence of man on the atmosphe}e comes to a halt. It can
be ?ut forward‘that in such conditions the attainment in the
last hundred years of an increase in the concentration of carbon
dioxide in the atmosphére deferred the complete glaciation
of the planet by a thousand years. It is obvious that withwbhé
maintenance of the present degree of'influencelon.the atmosphere,
and the more so with its increase, the possibility of a global

glaciation will be eliminated.

The most up-to-date question connected with thé increase
in carbon dioxide content of the atmosphere in the contemporary
epoch is contained in the evaluation of the influence of the
relatively rapid changes of carbon dioxide concentration on
climatic conditons. Data are available which indicate that
such changes can already in several decades bring about consi-
derable influence on the marine polar ice and on climatic condi-
tions of the hiéhﬁand partly the temperate: latitudes (Budyko,
1972) . e '

5T5here;is gféét?iﬁggﬁésEiigiewiée;7&5.tb'£héfquestibnﬁof“therchaﬂﬁe
" in magnitude of photosynthesis with the future increase in the '
carbon dioxide concentration of the atmosphere.: It is always
possible that with the future increase in the quantity of
carbon dioxide gas in the atmosphere and hydrosphere the pro-
ductivity of autotrophic plants will increase, thereby enlarging

the very energy base for all living organisms, including man.

The future study of these questicons has great practical

significance.
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